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By Charles B. Norris
SUMMARY

The analysis described herein was undertaken as a part of an investi-
gation of low-density fibrous core materials for sandwich construction.
Tn this iInvestigation 1t was found that honeycamb structures exhibit prom—
ise as core materials because of their high strength-weight ratios. A
formule hes been derived that reduced consideratbly the amcunt of testing
necessary to evaluate the effectiveness of various fibrous mdterials of
which the honeycomb cores were made. This formula relates compressive
strengths of honeycomb cores having the same cell shape but bhaving various
combinations of size of cell and thickness of cell wall.

This analysis is partly empirical,being based upon data obtained from
tests of plywood panels. It was applied successfully to resin—impregnated
pepers, but should be verified for materials greatly different frcm these
before it is applied generally.

INTRODUCTICN

The honeycomb—type structures used in this investigation were made
by bondirg together sheets of corrugated resin—impregnated papser as in—
dicated in figure 1, with the walls of the cells made of the resin-— :
impregnated paper, the resins cementing succeeding sheets. In use, the
axes of the cells are perpendiculer to the faces of the sandwich. Tke
honeycowb cere must have sufficient compressive and tensile strength in
the direction of the axes to hold the facing materlals at the desirsd )
seperation and prevent them frcm wrinkling when subJect to ccmpression or
shear acting in planes perpendiculer to the axes of the cells.

In such a homeycomb construction the shape and size of the cells and
the thickness of the cell walls can be varied. A change in any one of
these may be expected to change the strength of the honeyccmb, A formula
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has been derived that relates compressive strergths emong such hcneycemb
cores having the same cell shape but having verious combinatione of sire
of cell and thickness of cell wall,

Availebility and experimental verification of this formula make posei-—
ble a reduction of the testing required to establish values of ccmpressive
strengths for various heneycombd consitructions, inasmuch as tests of one
ccubiration of variables meke it poesible to ccmpute the strength of any
construction In which the cell shape and the material of the cell walls
are the same. '

This investigation, conducted at the Forest Producte Laboratory,
was sponsored by end conducted wlth the financlal assistance of the
National Advisory Committee for Aeronautics.

THECRETTCAL DERIVATION QF FCRMULA

The development of the formula 1s as follows:

It is assumed that under compression each cell wall will act independ—
ently like a plate supported along 1ts edges and loaded at ite ends and
that the compressive strength of the honeycomb will be determined by the
falling stress of the plate.

The criticel buckling stress of such a plate le expressed by the
following formula {reference 1)

2
Por = KB i; _ (1)
whera
Pop critlcal stress of plate
a width of plate ,
h thickness of plate _ -
E modulus of elasticity of the material

X a constant depending upon the type of edge suppoft of the plate

FPor the formula to be gemerally epplicable to honeycomb ccnstructions, the
valus of K must teke into account the narrow walls of double thickness at the
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Junctions of corrugations, the wider walls of single thicknees. and the
fact that the wider walls may ba curved rather than flat.

In general, experience and observation show that the falling siress
exceeds the critical buckling stress. To get an estimate of tkis cxcess,
use is made of data from tests of plywood as given in table 28 cf refor—
erce 2. These data are plotted logarithmically in figures 2 and 3 which
relate to loadings parallel and perpendicular, respectively, to the face
grein of the plywood. In each figure the abscissa is the observed critical
stress and the ordinate is the average stress (across the width of the plate)
at failure, each expressed as a ratio to the compressive strength of the
plyweccd. It is evident that the plotted points, which cover a wide range
cn the abscissa scale, can be represented with reascnable accuracy by &
straight line. An additional line was drawn through the point 1,1 at a
slope of 1 to 1 in each graph. Ordinates to the lines with a slope of 1
to 1 represent the stress at which buckling will occur, since these lines
pass through points for which the abscissas equel the ordinates. The same
data are shcwn upon rectangular coordinates in figures 4 and 5.

It may be noted that the two lines in each figure cross at about the
proportional 1imit of the material (about two—thirds of the compressive
strength) ard that the slopes of the curves of stress at fallure are
each about cne-third. A good approximation of the data is given by the
equation, S

\2/3 \l 3
z (2 ()
Py Pu PU.
or
2/3 /8
P=P, P (3)
where
P average stress at failure

Py ccmpressive strength of material

Pp proportional limit of material

Equation (3) may give values of p greater than p,, and it is

not valid in the range in which 1t does. It is valid only 1f the ccmputed
critical stress 1s less than the proportional 1limit of the materiel, as
is shown by the plotted points in figures 2 to 5.
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By substitution of eguation (1) in (3},

b = Ppz/s (KE)1/3<§)2/3 _ .

and the specific compressive strength 1s

P2/3 (KEiTVS \?/S

- s e/ _ _(f)

Pg =

R

where g ia the specific gravity of the impregnated paper, and rg
may alsqe be considered the specific oampressive strength of a honeyarmb
construction, since

Pa .2 _ -
8y & B

where P, is the appsrent compressive strength in pounds per squara
inch and g, 1s the apparent specific gravity of the core conetructicn,

Bguation (5) contains the width of the plate a and the thickress
of the cell wall h. Since the plates in practical hcneyccmb cores are
not flat, it is Imposeible to determine the proper widths of the indi—
vidual plates, This width, however, can be considered propcrtlonal to
eny crogs-sectional dimeneion of the cell. The propcrtionality factor
wiil be different for cells of different shape, but will not charge
with cell size or wall thiclmess. TFor purposes of convonlence in con--
nectlon with coree made of corrugated. sheets cemented togsther, the plate
width & will be considered as proportional to the height of the corru-
gation o, that is,

a = na (6)

It 1s 4ifficult to measure accurately the thickness of the cell
walls in a honsyccuwb core. This thickness, however, can be expressed
in terms of the apparent specific gravity of the core and the specific
gravity of the material from which the core is made, The apparent
epecific gravity can be calculated from the weight and gross dimensicns
cf & plece of the core, and the specific gravity of the material can be
calculsted from the welghts of a plece of the core in sir and submersed
in a liquid.
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Figure 6 is a sketch of a section of a half cell, or one ccmplste
corrugation of the corrugated material used in the manufecture of the
core., The weight of this section is

w = ruahbgq
where q 1s the density of water and r, u, @, h, and b are as shown
in the figure,
The gross volume of the piece shown in figurs 6 is

v = (a + h) wod

and the apparent specific gravity is

Ay (1)
8a = ¥q " q ¥ T
Then
h__8 _ (8)
o rg - gy

in which r i4s the ratioc of the developed (original) length of the cor—
rugated cheet to the length of the sheet after corrugation. This ratio
can be determined in a number of ways.

By using equations (6) and (8), equation (5) beccmes

2/3

(kE)/3® . B/
(D) (5w v

The values of n, K, and r are related to the shape of the cells. The
first two can be combined into a single constant that can be determined
experimentally. Formula (9) for the specific crushing strength of the
honeycomb core then becomes ‘

8
ps::_g_

El/a [M_]e/s - (lO)

rg - gg
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(2"
8 ={—
n2

This formula can be simplified further 1f the hcneycomb coree ars
all made of the seme materiel: thus,

in which

= 7 (11)
=c B . 11
Ps [ T8 ~ &g ] -

g /8 2/3
in which ¢ = — E Pp and can be evaluated from experiments in

g Ll . ]
which the other quantities in equation (11) have been measured.

The value of ¢ will remain constant even for different materilals,
provided the modulus of elasticity and the proportional limit vary di-
rectly with the specific gravity. This is epproximately trus for a
paper impregnated with a resin. If the resin content veries over a limited
renge, the modulus of elasticity and the proportional 1limit will be roughly
proportional to the specific gravity.

The value of ¢ ie particulaerly useful in the comparilson of two
honeycomb cores having different cell shapes and made of different mate—
rials, If specimemns of two such cores do not have ldentical e&pparent
gpecific gravities, a comparison of their specific compresslive strengths
ie not proper becaeuse the apparsnt compressive strength does not vary
directly with the apparent gpecific gravity. A ccmpariscn of the values
of ¢ for the two cores, however, 1s accurate inasmuch &8 such & com—
parison yields a ratlio identical to that which would be cbtained if
epecimens of like specific gravities were ccmpared, Thse dimensions of ¢
are those of a specific stress and therefore ¢ might be called the fun—
@amental specific cempressive stress, -

EXPERIMENTAL VERIFICATION

Seven blocks of honeycomb core material were febricated by using a
polystyrene contact resin. Three of the blccks were made of chestnut
chip paper and four of kreft paper. A different thickness of paper was
used in each block to obiein core materisels having different values of
apperent specific gravity. The chestnut chip core materials were made in
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two different cell sizes of similar shape te cobtain a grsater rapnge in ap-
parent specific gravity than could othsrwiss be obtalred. Specimens were
cut from these blocks and tested in ccompression. The resulting data are
givon in-tadls I.

From formula (11): _ L

rg — /3 o
c___pe [.MT (12)
- &g

When eppropriate values from teble 1 are substituted in this formula,

2 1.41 - 0.10L 2/8
oy = 5280 {l' 3% 1. . ] = 33,800
0.10L
Similarly, cz = 33,700
Cg = 31,900

Average = 33,100

cp.3 = 26,300
cp—, = 25,000 T
c = 23,100

cpg = 25,100

Average = 24,900

The reascnably close check of the values ohbtained for the constant
¢ for the three cores made of chestnut chip paper and for the four cores
made of kraft paper indicates that equaticn (11) is a reasonable one.

The higher values of ¢ obtained from the core material in which
the chestrnut chip paper was used indicate that this peper ig the better
of the two. The average value of ¢ for the core materials can be sub— -
stituted in equation (11). For exesmple, when the average value of o
for the cores made of chestnut chip paper is substituted,

g 2/3 L
pg = 33,100 {-—-——9——-— } (13)
1.23g ~ g,
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This sgustion will probably be valld for ell homejyccmb cores made of this
materilal and having cells slmilar in shepe to those of the cores tested.

Formula (13) can be used to determine the apparent specific gravity
of this type of honeycomb core that will Just meet a requirement of a
spacific compressive strength of 1000 psil. It may be asswsed that the
gpecific gravity of the paper will bes the average of the values obtained
from test specimens, or 1.422 for the chestnut chip paper, By substitu~
tion in formule (135,

1000 = 33,100 I Ea. ]2/3
T 1,23 x 1402 - g,

The apparent specific gravity ias then found to be

g, = 0.00916 _

Although this material would meet the specific ccmpressive strength re—
quiremsnt, the apparent compressive strength would be only 9,16 psi,
which is probebly too low to be useful. Further, equation (8) yields
in this case

h 0,00916
e 1.23 X 1.k22 — 0,00916

= 0.0053

Thus, the thickness of the cell wall would be about five-thousandthe of
the corrugation height. Such a honsycomb core is difficult to manu-
facture by methods available at the present time, and also, it is not
certain that equation (13) applies accurately to honsycombd cores having
guch thin cell walls. Honeycomb cores of this type with thicker cell
walls will have a specific compressive strength in excess of 1000 psi.

By using the average values of c¢,"r, and g in formula (11) fer
each of the two types of honeyccmbs (chestnut chip and kraft papor bass),
velues of apparent compressive strength for various apparent specific
gravities were obtained, and the curves of apparent specific gravity
against apparent compressive strengih were drawn (fig., 7). Teet values
of the apparent compressive strength for the apparent specific gravities
of the sample honeycombs are also shown, It may be noted that the ex—
perimental values deviate slightly from the aurves., This deviation may
be due in part to the variation in the specific gravity of the impregnated
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papers (col. 8, table I). In general, the data verify formule (11) rea—
sonably well for honeyccmb structures made of the same papsr and ccantact
resin and having cells of similar shape.

Forest Products Taboratory, Forsest Service,
U. S. Department of Agriculture,
Madison, Wis., Avgust 27, 1946.
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TABLE I.— SOME PROPERTIES AED DIMENSIONAL CHARACTERISTICS OF RONEYCOMB STRUCTURES FABRICATED FROM

CHESTHUT CHIP AND KRAFT PAFERS WITH A POLYSTYRENE CONTACT RESIN

Apparent] Height of
. |Corru—|Apparent |Specific [apecific| Specific corrugetions| Ratio of
Number | gatlon|compres—|compres—|gravity |gravity |Thickneas of plus carrugation
Bane of test|flute sive glve of of material |thicknese of] height to
peper| Cors{ values| type |strengthleirengtht cere, |materisl,|(approx.), material, |weve length, |Ratio,X
1
1 Py 8y g h a+h o r
(pst) | (pe1) (in.) (in.)
(| @ ) (1) (5) (6) (7 (8) (9) - {v0) (1) . (12)
Chestmut 1 2 A - 533 5280 0.10L 1.k 0.011 0.158 0.34 1.23
chip
Po. | 2 b A 32 | sogo [o.om | 1.h9 0.007 0.158 0.36 1.23
Do. | 3 2 B 1065 6920 | 0.15% | 1.37 0.008 0.085 0.33 1.23
Kraft | F-3 5 B 135 5120 | 0.143 | 1. 0.00h 0.082 0.294 1.28
Do, | ®k 5 B 779 5160 | 0,151 | 1.36 0.006 0.088 0.327 1.30
Do. | P-5 5 B 982 5410 | 0.181 | 1.33 0,008 0.097 0.372 1.34
Do. | F6 5 B 1293 6100 0.212 | 1.35 0.009 0.098 0.386 147

*Ratio of the developed (criginal) length of the corrugated sheet to the length of the sheet after corru~

getion,
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Figure 1.--Sketch of honeycomb
core material.
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Figure 6.--Sketch of an element
of honeycomb core material.
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to face grain.

g 'S4



=
>
[®]
7 w
a9 g
“ =
47 -
1
3 2,330 " 2V}
& £ =069 %ﬁa ROPORTIONM] | O
S a5 nl o LV umr e
N
W, .f’l
Q
tﬂd
3l
& [
Rﬁ 03
Wy . I
S . ] Cﬂmwsf STRESS AT FAILURE [CRITICAL STRESS
:] ' ”?T- o
& "
T oz T .,
8 / ®» .o i
] .
al
a1 a0z 803 Q04 005 Ok 007 A08 A LD a2 a3 04 85 06 L7 A8 49 A0

Pfer . OBSERVED GRITICAL STRESS
Pu COMPRESSIVE STRENGTH OF MATERAL

Figure 3.--Plywood plates in compression. Compressive stress perpendic-
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Figure b.-Plywood plates in compression.
Compressive stress perpendicular to
face grain, (Same data as in fig. 3.)
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Figure 7.--Apparent compressive strength of honeycowb cores paralliel
to cell openings, plotted against apparent specific gravity.
(Curves computed from formula (11).)



